Hemophagocytic lymphohistiocytosis (HLH) is a rare disorder with familial and acquired forms. The familial form is associated with mutations in the perforin gene and both forms are associated with severe defects in lymphocyte cytotoxic function. We examined perforin-deficient mice as a model of HLH in order to gain insight into this poorly understood disorder. While these mice do not spontaneously develop HLH-like symptoms, we found that they manifest all of the features of HLH after infection with lymphocytic choriomeningitic virus (LCMV). Following LCMV infection, perforin-deficient mice develop fever, splenomegaly, pancytopenia, hypertriglyceridemia, hypofibrinogenemia, and elevation of multiple serum cytokine levels, and hemophagocytosis is evident in many tissues. Investigation into how this phenotype develops has revealed that CD8 ؉ T cells, but not natural killer (NK) cells, are necessary for the development of this disorder. Cytokine neutralization studies have revealed that interferon gamma (IFN␥) is uniquely essential as well. Finally, the excessive amount of IFN␥ seen in affected mice appears to be driven by increased antigen presentation to CD8 ؉ T cells. These studies provide insight into the pathophysiology of HLH, and provide new targets for specific therapeutic intervention in this fatal disorder. 
Introduction
Hemophagocytic lymphohistiocytosis (HLH) is a rare disorder with both familial and acquired forms. [1] [2] [3] Specific criteria for the diagnosis of this disorder have been established (Table 1) . 4 As a familial disorder, it has an autosomal recessive inheritance and usually affects infants. As an acquired disorder, it is more variable and affects a wider age range. Acquired, or secondary, HLH has been associated with infection (most commonly with Epstein-Barr virus [EBV] ), malignancy, and autoimmunity. Familial cases also commonly appear to be triggered by viral infection. While some of the features of HLH, including hemophagocytosis, can be seen in circumstances with significant immune activation, the diagnosis of this disorder is limited to situations where all of the diagnostic criteria are met.
In addition to the diagnostic features listed in Table 1 , patients with HLH variably display a number of other characteristic features, such as hepatomegaly, jaundice, adenopathy, rash, seizures, and focal neurologic deficits. When assayed, patients have been found to have strikingly high serum levels of numerous cytokines including interferon gamma (IFN␥), tumor necrosis factor ␣ (TNF-␣), interleukin 6 (IL-6), IL-10, and macrophagecolony-stimulating factor (M-CSF). [5] [6] [7] [8] [9] Histologic examination of lymphoid tissues reveals a mixed infiltrate of lymphocytes and macrophages that appear highly activated. Liver biopsies typically display periportal infiltrates composed of lymphocytes and macrophages. Bone marrow biopsies may variably reveal hypoplasia or aplasia. 1 Overall, patients with HLH appear to have striking activation of the immune system by both clinical and laboratory measures. It is paradoxical, therefore, that patients with both familial and secondary disease usually display a severe impairment (or complete absence) of cytotoxic function by natural killer (NK) and CD8 ϩ T cells. 10, 11 This defect is irreversible in familial patients, but typically normalizes in patients with secondary HLH after they recover. 2 Furthermore, 3 distinct genetic diseases, Chediak-Higashi syndrome, Griscelli syndrome, and X-linked lymphoproliferative disorder, also produce an immune phenotype with impaired cytotoxic function and an HLH-like phase of the underlying disease process. 12 This common phenotype implies that the selective absence of cytotoxic function, regardless of the underlying genetic or acquired etiology, can predispose patients to develop HLH. The idea that genetic impairment of cytotoxic function may underlie familial HLH led to the discovery that a significant number of these patients have loss-of-function mutations in the gene encoding perforin. 13, 14 Perforin is a protein expressed in CD8 ϩ T cells and NK cells that forms holes in target cell membranes and is essential for killing via non-Fas-mediated mechanisms. 15, 16 Perforin-deficient (pfp Ϫ/Ϫ ) mice have been generated and extensively studied. In addition to other immune abnormalities, they have been noted to develop a severe, fatal course after infection with lymphocytic choriomeningitic virus (LCMV). 17, 18 LCMV is a noncytopathic RNA virus, which is highly prevalent in wild mice. 19 It has been extensively studied as a model viral infection. Like Epstein-Barr virus (EBV) infection in humans, it provokes a very vigorous CD8 ϩ T-cell response in normal mice.
The potential parallels between patients with HLH with perforin mutations and pfp Ϫ/Ϫ mice have been recognized since these gene defects were first described, yet no investigators have carefully examined these mice as a model of HLH. While unperturbed pfp Ϫ/Ϫ mice appear indistinguishable from wild-type mice, their response to LCMV is quite distinct from that of normal mice. We reasoned that LCMV-infected pfp Ϫ/Ϫ mice could be a good model of HLH and useful for dissecting the pathophysiology of this disorder. We found that, indeed, these mice developed all of the diagnostic and many of the characteristic features of this disorder. We have also found that the HLH-like pathology that these mice develop is dependent on CD8 ϩ T cells and IFN␥, which is produced in response to antigenic stimulation.
Materials and methods

Mice, viruses, and peptide
C57Bl/6, RAG Ϫ/Ϫ , ␤2m Ϫ/Ϫ , and C57BL/6-Prf1 tm1Sdz (pfp Ϫ/Ϫ ) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). B6.129S6-Pfp tm1 -Rag2 tm1 (RAG/pfp Ϫ/Ϫ ) mice were obtained from Taconic (Germantown, NY). Mice were housed in isolation facilities and euthanized if they became moribund. Temperatures were obtained using a digital thermometer placed in the hypopharynx. LCMV-WE was kindly provided by Dr J. de la Torre. Viral stocks were produced by infecting BHK-21 cells and were titered on vero cells. 20 Serum and tissue viral titers were obtained in the same way, using tissue homogenates. All infections of wild-type or knockout mice were via intravenous injection of virus. For most experiments, a low dose of LCMV-WE, 50 plaque-forming units (PFU), was administered. For the experiments detailed in Figure 1B -C, a more typical dose, 10 4 PFU, was injected because the phenotype observed in pfp Ϫ/Ϫ mice was more consistent at this dose. For experiments in which peptide was administered to mice, GP33 peptide was synthesized (KAVYNFATM) by the National Jewish Medical and Research Center's Molecular Resource Center, dissolved in saline, and injected (250 g intraperitoneally every 12 hours) starting 4 days after infection.
Antibodies
All antibodies (except anti-CD68, which was obtained from Serotec, Raleigh, NC) were grown as tissue culture supernatants and purified over either protein A or protein G columns. The following antibodies (dose and specificity in parentheses) were administered to mice intraperitoneally every 3 days in order to deplete a cell type or neutralize a cytokine: GK1.5 (0.5 mg, CD4), YTS169 (0.5 mg, CD8), PK136 (1 mg, NK1.1), XMG1.2 (0.5 mg, IFN␥), MP6-XT22 (1 mg, TNF-␣), JES52A5 (1 mg, IL-10), C17.8 (1 mg, IL-12 21 ; a kind gift of Dr G. Trinchieri), SK113AE-4 22, 23 (1 mg, IL-18; a kind gift of Dr Irmgard Forster), AFS98 24 (1.5 mg, M-CSF; a kind gift of Dr Shinichi Nishikawa), MP1-22E9 25 (1.5 mg, GM-CSF), and 20LC-11.1 (1 mg, control, rat anti-DR␤1). Each of these antibodies was administered at doses equal to or greater than those reported to deplete or neutralize their respective targets. To check for efficacy, serum samples were assayed for the respective cytokine, or spleen cells were examined by flow cytometry. The following anti-LCMV antibodies were a kind gift of 
Histology, flow cytometry, and intracellular cytokine staining
Tissues and cytospin slides were fixed in B5/formalin and paraffin embedded for hematoxylin and eosin stain via standard protocols. For preparation of cell suspensions, tissues were digested in collagenase D (Roche, Milan, Italy) and DNAse (Sigma, St Louis, MO). 27 Staining of macrophages for flow cytometry was performed at 4°C in the presence of 5 mM EDTA [ethylenediaminetetraacetic acid] to prevent cell loss due to adherence. For cytospins, spleen or bone marrow cell suspensions were centrifuged over ficoll gradients to separate high-density cells, which were spun onto slides. Major histocompatibility complex (MHC)-peptide tetramers (D b -GP33) were produced as covalently linked MHC-peptide molecules in baculovirus-infected insect cells, biotinylated, and assembled around streptavidin-phycoerythrin. 28 For intracellular cytokine staining, cells were cultured with GP33 peptide (10 g/mL) in the presence of monensin for 6 hours, fixed and permeabilized with cytofix/cytoperm (Pharmingen, San Diego, CA), and stained with Oregon green (Molecular Probes, Eugene, OR)-labeled anti-IFN␥. Images were obtained using an Olympus BX40 microscope (Melville, NY) equipped with a Kodak MDS120 digital camera (Eastman Kodak, Rochester, NY), using the 100ϫ (numerical aperture 1.3) oil objective. Images were acquired using NIH Scion Image software, version 1.62 (developed at the National Institutes of Health, obtained at http://rsb.info.nih.gov/nih-image/).
Clinical laboratory tests and ELISA
Serum triglyceride and plasma fibrinogen assays were performed by IDEXX (Sacramento, CA). All triglyceride determinations were performed on serum samples from mice that were fasted overnight. Complete blood counts were determined by the clinical laboratory at National Jewish Medical and Research Center using a Sysmex NE1500 (Sysmex, Long Grove, IL). All serum cytokine levels were determined by using enzymelinked immunosorbent assay (ELISA) kits obtained from R&D Systems 4 (Minneapolis, MN) per the manufacturer's instructions. For each cytokine, sera from uninfected wild-type and pfp Ϫ/Ϫ mice were assayed and found to contain undetectable levels, except IL-6 and IL-18, which had very low levels (Ͻ 20% of infected, wild-type mice).
Results
LCMV-infected pfp ؊/؊ mice display clinical and laboratory features of HLH
We examined LCMV-infected pfp Ϫ/Ϫ mice to determine whether they displayed the clinical and laboratory criteria, shown in Table  1 , that are required for the diagnosis of HLH. Early after infection with LCMV, the physical appearance of both wild-type and pfp Ϫ/Ϫ mice was unaffected. By about 10 days after infection, however, the pfp Ϫ/Ϫ mice displayed decreased activity, ruffled fur, and hunched posture. When we examined mice at this time, we found that only pfp Ϫ/Ϫ mice were febrile ( Figure 1A ). Whereas wild-type mice developed a brief febrile response early after LCMV infection (data not shown), the pfp Ϫ/Ϫ mice had prolonged temperature elevation. At 8 to 10 days after infection, pfp Ϫ/Ϫ mice also developed hypofibrinogenemia ( Figure 1B ), and hypertriglyceridemia ( Figure 1C ), compared with either resting or LCMV-infected wild-type mice. Similar to wild-type mice, pfp Ϫ/Ϫ mice also developed splenomegaly after LCMV infection ( Figure 1D ). Unlike wild-type mice, however, pfp Ϫ/Ϫ mice became uniformly pancytopenic by 10 days after infection ( Figure 1E -G). Without specific intervention, these mice died within 2 weeks of infection ( Figure 1H ), similar to untreated familial HLH patients, who die fairly rapidly without treatment. 29 This fate is distinctly different from that of wild-type, lymphocyte-deficient (RAG Ϫ/Ϫ ), or CD8 ϩ T-cell-deficient (␤2m Ϫ/Ϫ ) mice that do not normally die after infection ( Figure 1H ). These mice survive infection even though lymphocyte-deficient and CD8 ϩ T-cell-deficient mice fail to clear LCMV infection, similar to pfp Ϫ/Ϫ mice. In summary, LCMVinfected pfp Ϫ/Ϫ mice display all of the diagnostic clinical and laboratory features of HLH.
LCMV-infected pfp ؊/؊ mice display histopathologic features of HLH
In addition to specific clinical and laboratory criteria, the diagnosis of HLH is dependent on the demonstration of hemophagocytosis in at least one of several tissues (Table 1) . We examined the tissues of LCMV-infected pfp Ϫ/Ϫ and wild-type mice for this and other signs of HLH. Prior to and early after infection, these 2 groups of mice were indistinguishable (data not shown). By days 10 to 12 after infection, however, pfp Ϫ/Ϫ mice displayed multiple histologic changes consistent with HLH ( Figure 2A , with tissues from uninfected wild-type mice for comparison). First, lymph node architecture was profoundly deranged. Disorganized infiltrates of macrophages and activated lymphocytes replaced the normal follicular structure of lymph nodes. Some specimens also displayed necrotic changes. Second, splenic architecture was altered. The red pulp was expanded and the white pulp appeared somewhat chaotic with a prominent infiltrate of macrophages and activated lymphocytes. Third, liver sections revealed prominent periportal infiltrates. Fourth, bone marrow sections displayed severe hypoplasia. Fifth, while examination of the meninges 12 days after infection revealed minimal infiltrates, a prominent mononuclear infiltrate was present along the dura in pfp Ϫ/Ϫ mice by about day 30 after infection. In order to survive to this late time point, mice were given specific therapy to partially alleviate their condition (see "Materials and Methods"). High-power examination of sections or cytospins from each of these tissues revealed hemophagocytic macrophages (Figure 2A ). While this feature was consistently present in pfp Ϫ/Ϫ mice (and rarely, if ever, found in wild-type mice), its histologic prominence was somewhat variable.
To further examine these changes in tissue cellularity, flow cytometry was performed. Relative macrophage infiltrates, as expressed by percent of cells that were CD68 ϩ in spleen, liver, and bone marrow, are shown in Figure 2B . These percentages were derived by gating on live cells and specifically excluding hepatocytes in the liver cell suspensions. While the relative increase in macrophages is readily apparent, the absolute increase is relatively modest in the bone marrow due to hypoplasia, and in the spleen due to overall decreased cellularity and specific loss of B cells (data not shown).
To further characterize the macrophage populations seen in mice after LCMV infection, we performed flow cytometry on bone marrow specimens obtained 12 days after infection ( Figure 2C ). We found that, compared with wild-type mice, macrophages (CD68 ϩ ) from pfp Ϫ/Ϫ mice have greatly increased levels of MHC class II on their surface, a classic marker of activation. Correlating with this change was a significant increase in IFN␥-secreting CD8 ϩ cells in the bone marrow of pfp Ϫ/Ϫ mice ( Figure 6A ).
LCMV-infected pfp ؊/؊ mice display striking elevations of serum cytokine levels
Much attention has been paid to derangements of serum cytokine levels in patients with HLH. These patients have been found to have elevations in the levels of a number of cytokines including TNF-␣, IFN␥, IL-6, IL-10, IL-18, and M-CSF. 1,2 Many investigators have speculated that these changes may be an important part of the pathogenesis of this disorder. Because LCMV-infected pfp Ϫ/Ϫ mice appeared so similar to patients with HLH in other aspects of the disorder, we hypothesized that they might have similar derangements of serum cytokine levels. We assayed serum samples from both wild-type and pfp Ϫ/Ϫ mice 12 days after infection (day 6 for interferon alpha [IFN␣]) for each of the cytokines listed above and IFN␣. Pfp Ϫ/Ϫ mice displayed dramatically elevated serum levels for each of these cytokines ( Figure 3 ). We assayed day-12 sera because at this time pfp Ϫ/Ϫ mice displayed all of the features of HLH. We found that serum IFN␣ levels peak early (at or before day 3) and are undetectable by day 4 or 5 in wild-type mice (data not shown). Pfp Ϫ/Ϫ continue to have increased levels of IFN␣ until days 6 to 8 ( Figure 3) . Serum from uninfected wild-type and pfp Ϫ/Ϫ mice was assayed and found to have very low or undetectable levels of all of these cytokines. Unlike the other cytokines shown in Figure 3 , IL-1␤ is notably not elevated in human patients with HLH. We assayed the serums of both wild-type and pfp Ϫ/Ϫ mice at either day 6 or day 12 after LCMV infection, and could find no detectable IL-1␤ in the serum of either group (data not shown).
Both CD8 ؉ T cells and IFN␥ are necessary for the development of an HLH-like disorder in LCMV-infected pfp ؊/؊ mice
In order to determine which cell types are necessary for the development of HLH-like pathology after infection with LCMV, we conducted a series of cell depletion experiments ( Figure 4A ). Six days after infection we administered antibodies to deplete CD4 ϩ , CD8 ϩ , or NK1.1 ϩ cells. We found that most pfp Ϫ/Ϫ mice depleted of CD8 ϩ cells survived infection, but that none of the animals depleted of CD4 or NK cells survived. In addition to depletion experiments, double knockout mice deficient for both T/B lymphocytes and perforin (RAG/pfp Ϫ/Ϫ ) were infected with LCMV. Similar to RAG Ϫ/Ϫ and ␤2m Ϫ/Ϫ mice, these mice did not die. Together, these depletion and genetic experiments indicate that CD8 ϩ T cells are essential for the development of an HLHlike syndrome.
Next, we sought to determine which cytokines contributed to the development of HLH-like pathology in LCMV-infected pfp Ϫ/Ϫ mice. This question is complicated by the fact that a wide range of cytokine levels are elevated in patients with HLH and in these mice. To screen candidate cytokines, we administered neutralizing antibodies beginning 6 days after infection and monitored survival of mice. Surprisingly, we found that neutralizing multiple cytokines, including TNF-␣, IL-12, IL-18, M-CSF, and GM-CSF had no effect on survival ( Figure 4B ). However, if IFN␥ was neutralized, most mice survived, indicating that this cytokine is essential for the development of HLH-like pathology in LCMV-infected pfp Ϫ/Ϫ mice. Even though mortality is directly linked to IFN␥, it is not surprising that neutralization of IL-12 did not affect survival. Orange and Biron 30 demonstrated that the IFN␥ response to LCMV is completely independent of IL-12. Less is known, however, about the relationship between IL-18 and IFN␥ after LCMV infection. Pien et al reported that IL-18 Ϫ/Ϫ mice produce about 50% less IFN␥ (as measured in serum) than wild-type mice. 31 We have found that IL-18 levels are increased in pfp Ϫ/Ϫ mice at day 8 after infection, but this elevation is mild compared with day 12 levels, or compared to the elevation of IFN␥ levels at any time point (data not shown and Figure 5 ).
Linking the findings in Figure 4A -B together, we found that CD8 depletion of LCMV-infected pfp Ϫ/Ϫ mice substantially lowered serum IFN␥ levels ( Figure 4C ). Furthermore, when we looked at which cells were secreting IFN␥ ex vivo, either spontaneously or with peptide stimulation, we found that almost all of the cells that were IFN␥ ϩ were also CD8 ϩ (data not shown and Figure 6 ). Thus, the HLH-like disease seen after LCMV infection in pfp Ϫ/Ϫ mice is dependent on IFN␥, which appears to be secreted by CD8 ϩ T cells.
IFN␥ is intimately associated with the development of HLH-like pathology in LCMV-infected pfp ؊/؊ mice
Because neutralizing IFN␥ had such a dramatic effect on survival, we investigated its role further. A time course of serum IFN␥ levels in wild-type and pfp Ϫ/Ϫ mice revealed that the latter mice have greatly elevated and prolonged serum levels of this cytokine ( Figure 5A ). We next determined whether IFN␥ was necessary for the development of specific aspects of HLH-like pathology in these mice. We found that if IFN␥ was neutralized starting 6 days after infection, histiocytic infiltrates did not develop like they did in control antibody-treated pfp Ϫ/Ϫ mice ( Figure 5B ). We also found that peripheral blood cytopenias failed to develop if IFN␥ was blocked ( Figure 5C ). Thus, IFN␥ is necessary for the development of multiple features of the HLH-like disorder seen in pfp Ϫ/Ϫ mice.
Excessive IFN␥ production in LCMV-infected pfp ؊/؊ mice is driven by persistent antigen presentation to CD8 ؉ T cells
Next, we investigated what was causing this excessive production of IFN␥. We postulated that this excess could be caused by (1) a dramatic increase in antigen-responsive CD8 ϩ T cells, (2) an abnormally vigorous responsiveness of pfp Ϫ/Ϫ T cells, (3) a normal response to abnormally elevated or persistent levels of antigen, or (4) a combination of these factors. When we examined the total number of CD8 ϩ T cells in pfp Ϫ/Ϫ mice at various times after infection, in spleen, liver, bone marrow, and lymph node the number was usually similar or mildly elevated, compared with that of wild-type mice (data not shown). However, if we assayed the number of antigen-specific CD8 ϩ T cells in pfp Ϫ/Ϫ mice using an MHC-peptide staining reagent (D b -GP33), we found that this number was typically elevated 2-to 5-fold over that of wild-type mice in bone marrow, liver, and spleen ( Figure 6A and data not shown). Staining for intracellular IFN␥ after GP33 peptide stimulation gave similar results ( Figure 6A ). When we examined the number of antigen-specific CD4 ϩ T cells in pfp Ϫ/Ϫ mice using MHC-peptide tetramers, we saw increases that were similar to those in the CD8 ϩ T-cell compartment (data not shown).
While this increase in the number of antigen-specific CD8 ϩ (and CD4 ϩ ) T cells could account for some of the increased production of IFN␥, it could not account for all (or most) of it. Although the number of antigen-specific CD8 ϩ T cells was increased several fold, the serum level of IFN␥ was increased between 10-and 1000-fold after infection, compared with wildtype mice ( Figure 5A ).
To assess whether pfp Ϫ/Ϫ T cells were abnormally responsive to stimulation, we examined cytokine production by these cells, using intracellular staining. When we stimulated spleen cells from mice infected 6 to 10 days previously, we found that IFN␥ production was less, on a per-cell basis, in pfp Ϫ/Ϫ compared with wild-type CD8 ϩ T cells ( Figure 6B ). Similar results were seen with both peptide stimulation and anti-CD3 stimulation (data not shown). One possible explanation for these surprising data is that they reflect exhaustion or down-regulation of IFN␥ production subsequent to recent in vivo stimulation. 32, 33 Consistent with this interpretation, we found that the number of spontaneously IFN␥-producing (without stimulation) CD8 ϩ T cells was increased in pfp Ϫ/Ϫ mice ( Figure 6C ). Thus, our data suggested that ongoing antigenic stimulation, and not a cell autonomous abnormality of pfp Ϫ/Ϫ CD8 ϩ T cells, was contributing to increased cytokine secretion.
To investigate the possibility that abnormal antigen presentation was contributing to the abnormal IFN␥ seen in pfp Ϫ/Ϫ mice, we first assayed the viral burden in these mice. At later time points, after wild-type mice have cleared LCMV infection and pfp Ϫ/Ϫ mice have failed to do so, this is an obvious potential contributor. However, the IFN␥ levels of these 2 groups diverged as early as day 6 after infection. We measured virus in the spleens of these mice at this time to see if the viral burden was different. We found that while spleens from both groups of mice contained significant amounts of virus at day 6, the pfp Ϫ/Ϫ mice harbored nearly 10-fold more infectious virus ( Figure 6D) .
In order to determine whether excessive antigen presentation was necessary for HLH-like pathology, we administered LCMVneutralizing antibodies to pfp Ϫ/Ϫ mice 4 to 6 days after infection. These antibodies have been shown to decrease viral burden in vivo and in our mice they completely neutralized serum virus (data not shown). 34, 35 We found that administration of these antibodies decreased serum IFN␥ levels in pfp Ϫ/Ϫ mice at day 12 after infection ( Figure 6E) , and allowed for prolonged survival in a substantial portion of mice ( Figure 6F ). While disease was mitigated in these mice, it was not eliminated (Figure 2A) , consistent with the inability of antibody to completely clear LCMV infection.
To determine whether prolonged/excessive antigen presentation is sufficient to cause elevated serum IFN␥ levels and an HLH-like process, we administered synthetic GP33 peptide (the dominant CD8 ϩ T-cell-stimulating epitope) to wild-type mice starting 4 days after infection with LCMV. We found that, with this persistent antigen administration, IFN␥ levels were substantially elevated in these mice at day 6 after infection, similar to pfp Ϫ/Ϫ mice ( Figure 6G ). Furthermore, between days 8 and 12, these mice developed the hunched posture, decreased mobility, and ruffled fur that is characteristic of pfp Ϫ/Ϫ mice after LCMV infection (data not shown). By day 12, they had developed depressed peripheral blood counts and relative increases in macrophages in several tissues ( Figure 6H ), though these changes were milder that those typically seen in pfp Ϫ/Ϫ mice. Despite persistent administration of peptide, however, these mice down-regulated their IFN␥ response by day 12 to nearnormal levels ( Figure 6G ). Additionally, no wild-type mice in these experiments died (data not shown). Thus, persistent antigen in wild-type animals was able to partially recreate the pathology seen in pfp Ϫ/Ϫ mice after LCMV infection.
In summary, these data indicate that increased IFN␥ production observed in pfp Ϫ/Ϫ mice after LCMV infection is largely due to elevated/prolonged antigen presentation. An increase in antigen-specific CD8 ϩ T cells is probably contributing as well, but we have seen little evidence for a cell autonomous defect in these cells.
Discussion
The studies described in this paper represent the first thorough examination of LCMV-infected pfp Ϫ/Ϫ mice as a model for human HLH. When infected with LCMV, these mice develop fever, splenomegaly, pancytopenia, hypertriglyceridemia, hypofibrinogenemia, and hemophagocytosis. Furthermore, they develop other histologic features characteristic of HLH: activated lymphohistiocytic infiltrates, splenic/lymph node follicular depletion, periportal infiltrates, bone marrow hypoplasia, and meningeal infiltrates. Their serum cytokine profiles are also very similar to those of human patients with HLH.
This murine model of HLH has yielded insights into how HLH may develop. In this model, IFN␥ produced by CD8 ϩ T cells is uniquely essential for the development of HLH-like pathology. Notably, NK cells and a variety of cytokines, including TNF-␣, are not necessary. Pathologic levels of IFN␥ are promoted by excessive antigenic stimulation of CD8 ϩ T cells.
The idea that perforin-dependent cytotoxic function has an important immunoregulatory role is not a new one. Investigators noticed years ago that after infection with high doses of LCMV-WE, marginal zone macrophages were depleted in a CD8 ϩ T-cell-dependent fashion, and that this depletion was linked to suppression of subsequent antibody responses. 36 More recently, other investigators have shown that CD8 ϩ T cells can kill exogenously administered dendritic cells, presumably via perforindependent mechanisms, and thus limit T-cell priming by these cells. 37 Furthermore, several groups have demonstrated that pfp Ϫ/Ϫ mice can mount exaggerated immune responses in certain circumstances. 17, 18, [38] [39] [40] While this paper is the first one to specifically examine the features of LCMV-infected pfp Ϫ/Ϫ mice relevant to HLH, other investigators have described pathologic responses of pfp Ϫ/Ϫ mice to LCMV infection. 17, 18, 40 Binder et al 17 first noted the unusual mortality in these mice and linked IFN␥ to bone marrow dysfunction. More recently, Badovinac et al 40 described exaggerated CD8 ϩ T-cell responses and death after LCMV infection of pfp Ϫ/Ϫ mice. In their system, they utilized pfp Ϫ/Ϫ mice on the BALB/c strain, which is known to be a weaker producer of IFN␥ than the C57BL/6 strain. Additionally, they infected the mice with the Armstrong strain of LCMV, which is known to stimulate a less vigorous IFN␥ response than the WE strain of LCMV. 31 Not surprisingly, naive pfp Ϫ/Ϫ mice in Badovinac et al's system did not die after infection with LCMV. However, if they first infected the animals with a recombinant Listeria monocytogenes strain expressing LCMV antigen, and then later challenged them with LCMV, the pfp Ϫ/Ϫ mice mounted an exaggerated CD8 ϩ T-cell response and died within 8 days. The effect of this vaccination was to generate a more robust IFN␥ response and, thus, drive the phenotype of their mice closer to the phenotype we observe in our experimental our system. Similar to our data, if Badovinac et al administered neutralizing anti-IFN␥ antibody, all of the mice survived.
LCMV infection of pfp Ϫ/Ϫ mice appears to be unique as a murine model of HLH. Multiple other investigators have examined viral infection of pfp Ϫ/Ϫ mice. No excess mortality is reported after infection with murine cytomegalovirus, murine gamma-herpesvirus 68, vaccinia virus, or vesicular stomatitis virus. [41] [42] [43] There are conflicting reports regarding mortality after infection with influenza A. Topham et al 44 report no mortality, while Liu et al 45 (using a different strain) report approximately 50% mortality. Interestingly, the latter group reports significantly higher production of IFN␥ in the lungs of pfp Ϫ/Ϫ mice compared with wild-type mice. Although none of these groups were looking for specific signs of HLH, the absence of mortality (with the possible exception of influenza) indicates that these viral infections are probably not triggering an HLH-like condition. Why, therefore, is LCMV unique? One possible explanation is that vaccinia, vesicular stomatitis virus, and influenza are all cleared in a normal or near-normal fashion, thus limiting antigenic stimulation. The 2 other viruses that are not contained in a normal fashion, murine cytomegalovirus (MCMV) and murine gamma-herpesvirus 68, are both herpes family viruses with sophisticated mechanisms of immune evasion. MCMV, for instance, is known to disable macrophages as antigenpresenting cells and inhibit their responsiveness to IFN␥. 46, 47 In light of our data, and work by other investigators, we propose the following model for the pathophysiology of HLH (Figure 7) . In a normal immune response, foreign antigen is presented by antigen-presenting cells (APCs) to CD4 ϩ and CD8 ϩ T cells. In response, T cells are stimulated to proliferate and differentiate. As part of this differentiation, T cells produce a variety of cytokines which can activate APCs and further promote presentation of antigen. In particular, CD8 ϩ T cells are an important source of IFN␥, which is a classical activator of macrophages. As the CD8 ϩ T cells acquire the ability to secrete cytokines, however, they also acquire cytotoxic function and begin to kill virally infected cells (including macrophages and other APCs) via perforin-dependent mechanisms. This killing, perhaps along with another undefined function of perforin, acts as a negative regulator of these mutually stimulatory interactions. In this way, the selective loss of cytotoxic function creates an imbalance in the immune system, promoting abnormal and excessive production of T-cell-derived cytokines, such as IFN␥. This excessive IFN␥ response is quite toxic and, in ways that are not yet defined, leads to the characteristic histologic and clinical features of HLH, including hemophagocytosis. In a viral infection such as with LCMV or EBV, the CD8 ϩ T-cell cytotoxic and IFN␥ responses are very vigorous and the potential for immune-mediated pathology is substantial.
Two important aspects of this model are not yet fully understood. First, precisely how perforin contributes to the downregulation of the CD8 ϩ T-cell IFN␥ response is not clear. Does it simply cause a decrease in the total antigen load or is the quality of antigen presentation changed, for instance, by modulation or destruction of a particular APC subset? Our data with exogenously administered antigen ( Figure 6 ) imply that this phenomenon is more complex than a simple decrease of antigen load. As stated above, other investigators have found evidence for destruction of APCs by CD8 ϩ T cells in some circumstances. 36, 37 When we examined mice 6 to 8 days after infection, while cytotoxic responses are near maximal, we did not find wholesale destruction of macrophages/dendritic cells in wild-type mice, or a clearly different fate for these cells in pfp Ϫ/Ϫ mice (data not shown). Although pfp Ϫ/Ϫ mice have exaggerated macrophage infiltrates 12 days after infection, this occurs in the context of persistent infection and inflammation.
Second, how high IFN␥ levels lead to HLH-like pathology is not yet clear. Because it is known to be toxic to hematopoetic cells, it easy to imagine how it may contribute to the destruction of bone marrow cells. 48 On the other hand, how it contributes to the appearance of hemophagocytic macrophages is not understood. While IFN␥ is a classical activator of macrophages, it is not known to promote phagocytosis. 49 Furthermore, the specific causal role of macrophages in producing the signs and symptoms of HLH is not yet established. It is possible that the hemophagocytic macrophages observed in both mice and humans may simply be a result of, and not a cause of, HLH pathophysiology.
HLH is a disorder with diverse genetic and environmental associations. The mouse model described in this work utilizes a virally infected, genetically modified mouse strain, thus combining elements of both familial and secondary HLH. Because of the apparent diversity of human patients with HLH, we cannot claim that our model addresses all etiologic aspects of this disorder. However, this model is a powerful one because virtually every aspect of this diverse disorder is recreated in these mice. Furthermore, this model has already revealed 2 intriguing targets for clinical intervention in patients with HLH. While excellent progress has been made in the treatment of this disorder during the last decade, future progress will probably depend on further understanding of this still-fatal disorder.
